Structures, stabilities, and electronic and optical properties of C 52 fullerene, ions, and metallofullerenes J. Chem. Phys. 126, 074313 (2007) We investigate the polarizability of trimetallic nitride endohedral fullerenes by partitioning the total polarizability into site specific components. This analysis indicates that the polarizability of the endohedral fullerene is essentially due to the outer fullerene cage and has insignificant contribution from the encapsulated unit. Thus, the outer fullerene cages effectively shield the encapsulated clusters and behave like Faraday cages. The polarizability of endohedral fullerenes is slightly smaller than the polarizability of the corresponding bare carbon fullerenes. The application of the site specific polarizabilities to C 60 @C 240 and C 60 @C 180 onions shows that, compared to the polarizability of isolated C 60 fullerene, the encapsulation of the C 60 in C 240 and C 180 fullerenes reduces its polarizability by 75% and 83%, respectively. The differences in the polarizability of C 60 in the two onions is a result of differences in the bonding (intershell electron transfer), fullerene shell relaxations, and intershell separations. The site specific analysis further shows that the outer atoms in a fullerene shell contribute most to the fullerene polarizability. C 2015 AIP Publishing LLC.
I. INTRODUCTION
Carbon fullerenes are hollow cages of carbon containing hexagonal and pentagonal rings formed by three fold coordinated carbon atoms. 1 Being hollow, the fullerene cages can accommodate atoms or small clusters trapped inside. Such fullerene hosting atoms in the cavity are called endohedral fullerenes. The first report of an endohedral fullerene, La@C 60 , that is, the C 60 cluster hosting a lanthanum atom, appeared soon after the discovery of C 60 fullerene. 2 Since then, the synthesis of a large number of endohedral fullerenes has been reported. The progress in the discovery of endohedral fullerenes has been well documented in many excellent reviews. [3] [4] [5] Particularly well studied among the endohedral fullerenes are the trimetallic nitride template (TNT) endohedral fullerenes. In these systems, the fullerenes encapsulate a trimetallic nitride cluster. 6, 7 The TNT endohedral fullerenes are typically produced by a modified Kratchmer-Huffman arc generator under a N 2 atmosphere and usually permit structure identification by single crystal analysis. The experimental and electronic structure studies have indicated that in the TNT fullerenes the transfer of six electrons from the endohedral trimetallic nitride cluster to the fullerene cage can stabilize fullerene cages that are energetically unfavorable in isolation. 8 Thus, many TNT endohedral fullerenes have adjacent pentagonal rings, violating the isolated pentagon rule. 3 In fullerenes, the π electrons are delocalized over the fullerene cage, resulting in a) Author to whom correspondence should be addressed. Electronic mail:
rzope@utep.edu a number of interesting properties. In the case of endohedral fullerenes, the π-electron cloud screens the endohedral unit from external electromagnetic fields. A few recent studies on endohedral fullerenes with a single endohedral atom have noted the occurrence of a strong enhancement of the photoabsorption of the confined atom compared to the free atom. 9, 10 A few works have been reported [11] [12] [13] in which the response of the endohedral fullerenes to an applied static electric field was studied. Delaney and Greer studied the lithium atom encapsulated by C 60 fullerenes in the presence of an electric field using density functional calculations. They noted that the C 60 fullerene screens almost 75% of the applied electric field, making it difficult to manipulate endohedral atoms using an electric field. 11 They further predicted that field penetration inside the cage should increase with an increase in the size of fullerene. Yan and coworkers studied dipole polarizabilities of the noble gas endohedral fullerenes with C 60 as a fullerene cage. 12 They found that the polarizability of noble gas endohedral fullerenes increases as the endohedral atom changes from He to Kr. They further noted that increase in the polarizability of X@C 60 fullerenes relative to the C 60 fullerene was mainly due to an enhanced charge transfer contribution of the cage and the local polarization of the interior atom. The dipole polarizabilities of larger endohedral fullerenes containing trimetallic nitride clusters were studied by Wei and coworkers using the Leeuwen and Barends exchange correlation functional that corrects the asymptotic behavior of the exchange functional. 13 Unlike the enhanced polarizability of X@C 60 fullerene relative to C 60 as found by Yan et hosts. They attributed this to the reduction in the electric field of carbon cages due to the presence of an endohedral unit. Carbon onions are another class of endohedral fullerenes where the encapsulated clusters are carbon fullerenes. Such carbon onions have been observed in experimental studies. [14] [15] [16] [17] The polarizability of carbon onion C 60 @C 240 was studied by Zope using density functional theory and large polarized Gaussian basis sets. 18 From the nearly identical values of the polarizability of the host C 240 fullerene and C 60 @C 240 cage, it was inferred that the outer cage of C 240 almost completely shields the inner C 60 fullerene, exemplifying the C 60 @C 240 onion as a molecular Faraday cage.
In this work, we examine the response of TNT endohedral fullerenes and carbon onions to an applied static electric field by computing the static polarizability of these fullerenes. In particular, we examine the extent to which fullerene cages can shield the encapsulated clusters by using a scheme that partitions the dipole polarizability into site specific contributions. The site specific polarizabilities directly track the changes in the electronic charge distribution at atomic sites in the cluster, and thus give a direct indication of the degree of electrostatic screening. In addition, it allows analysis of the polarizability into charge transfer and local dipole contributions. 19, 20 Our results indicate that in the TNT endohedral fullerenes, the fullerene cage almost completely shields the encapsulated metal clusters from the applied electric field. The results also show that while shielding of the inner C 60 is also observed in carbon onions, it is not complete. The extent to which this effect is observed depends on the charge transfer between two fullerene shells, the separation between the two shells, and fullerenes shell relaxation. In Sec. II, we provide the details of the computational methodology and briefly describe the equations for partitioning the total polarizability into the site-specific components.
II. COMPUTATIONAL DETAILS
Our calculations are performed using density functional theory (DFT) as implemented in the NRLMOL code. 21, 22 In NRLMOL, optimal grids are used to efficiently perform numerical integrations to a specified accuracy. 23, 24 We employed the Perdew, Burke, and Ernzerhof (PBE) exchangecorrelation energy functional within the generalized gradient approximation (GGA) for all calculations reported here. 25 The calculations were performed at the all-electron level using a large Gaussian basis set specially optimized for the PBE functional. 26 The basis set for a given atom consists of all the occupied atomic orbitals, contracted from the same set of primitive gaussians, plus additional single Gaussian orbitals from the primitive set. The numbers of the primitive gaussians, s-type, p-type, and d-type functions, along with the range of exponents are given in Table I . The polarizability was obtained using the finite-field method by numerically differentiating the cluster electric dipole (obtained for various values of an applied electric field) with respect to electric field. 27 The basis set was augmented by including diffuse functions. Our previous tests on empty fullerenes have shown that this basis set provides dipole polarizability quite accurately.
18,28-30 The site specific polarizability was calculated using the method- The total energy of a system in a weak static electric field can be written as
where F i is the ith component of the electric field. This can also be expressed as
where
and
The dipole can be expressed as an integral over the cluster charge density ρ(⃗ r), that is,
where r i is the ith component of ⃗ r. The integration is over the total volume which can be divided into a number of nonoverlapping volumes containing the nucleus of each atom. This non-overlapping volume, the Voronoi cell, is the volume closer to the atom than any other atom of the system and is represented by Ω A . This can be used to obtain an atomic dipole moment,
These atomic contributions when summed over all the atoms will yield the total dipole moment,
The µ A , which in turn, can be partitioned into the local dipole µ A, p and the charge transfer component µ A,q ,
Here,
In these equations, R A is the position of the nucleus of atom A, and q A is the net charge in Ω A . µ A, p represents the dipole moment of the total charge distribution in Ω A with respect to R A . Its value is clearly independent of the position of the origin of the coordinate system. µ A,q is the dipole corresponding to a point charge of magnitude q A located at R A . Its value is dependent on the choice of origin. The µ A,q when summed over all atoms becomes origin independent for a neutral system. The partitioning of the atomic dipole moments as above permits the computation of the atomic polarizability as
where the components α A, p i j and α A,q i j can be obtained, respectively, by the numerical differentiation of µ A, p and µ A,q with respect to the electric field. This approach is the standard finite field method where the dipole moments are obtained at various field strengths and the polarizability tensor is built using the finite difference approximation to the derivative of dipole moment with respect to the electric field. α p and α q are obtained by summing these contributions from all the atoms. α A, p i j is indicative of the change in the local dipole moment at the atomic site A that results when the system is in an applied electric field. α A,q i j is indicative of the change in the net charge at site A and is sensitive to the charge transfer from atom A to the rest of the cluster.
III. RESULTS AND DISCUSSION

A. Metal nitride fullerenes
The TNT endohedral fullerenes considered are Sc 3 N@C n , for n = 68, 70, 76, 78, 80, 82, 90, 92, 94, 96, and 98. These have been found experimentally in various degrees of abundance. Some of these endohedral fullerenes have isomers that are very close in energy. We have also included such isomers for Sc 3 N@C 68 , Sc 3 N@C 70 , Sc 3 @C 80 , and Sc 3 N@C 90 . To examine the effect of the shielding of electric field by the host (encapsulating) fullerene cage, we also computed the polarizability and its site specific contributions for the bare cages. These host fullerenes are obtained by removing the encapsulated Sc 3 N unit from the endohedral fullerene and were not optimized to avoid contributions to the polarizability due to geometry changes. The endohedral fullerenes and their bare cages are shown in Fig. 1 . The calculated values of the polarizability and its various components are given in Table II for all the TNT endohedral fullerenes, as well as the polarizability and its components for the bare carbon cages. As is evident from the table, the polarizability increases systematically from 101 Å 3 for the Sc 3 N@C 68 to 156.6 Å 3 for Sc 3 N@C 98 , the largest TNT endohedral complex studied here. Likewise, the total polarizability of bare fullerenes increases from 109 Å 3 (C 68 ) to 160 Å 3 (C 98 ). The polarizability of these bare cages is consistently higher than the polarizability of endohedral fullerenes by 3%-5% except for Sc 3 N@C 98 where the difference is 2%. Inspection of the site specific polarizabilities indicates that this difference is primarily due to the changes in charge transfer contributions to the polarizability. The dipole component of the polarizability for the bare cage and the endohedral complex is approximately the same. The increased values of polarizabilities for the bare cages (Cf. Table II) compared to the respective endohedral complex are likely due to the open shell nature of the bare fullerene. These bare fullerenes are six electrons short of a filled electronic shell. In the metal nitride endohedral fullerene complex, the transfer of six electrons from the encapsulated Sc 3 N unit to the cage results in a closed shell complex. Closed shell Na N clusters have significantly smaller polarizabilities than those of neighboring cluster sizes. 20 In addition to the effect of shell closing, the smaller polarizability of the endohedral complexes is likely also due to decreased electron delocalization due to the attractive potential of Sc 3 N unit inside the cage.
B. C 60 @C 240 and C 60 @C 180 onions
The structure optimization of C 60 @C 240 was started by first optimizing the geometry of the individual C 60 , C 180 , and C 240 fullerenes. The C 60 and C 240 fullerenes are the first two members of the 60n 2 family of icosahedral carbon fullerenes. Using the optimized geometry of the two fullerenes, we constructed the C 60 and C 240 onion in icosahedral symmetry. Since the non-bonding van der Waal's interaction can play an important role in the binding of the onion, we used Grimme's D3 functional 31 during the geometry optimization. For accurate calculations, a large Gaussian basis set totaling 10 500 basis functions was used. The structural changes of the individual C 60 and C 240 shells upon onion formation are very small and can be considered insignificant. The average intershell separation between the two shells is 3.73 Å in good agreement with previous calculations. 18 The latter was obtained using the analytic density functional theory and a smaller 6-311G** basis, but also using an exchange functional that was specially tuned for the structural predictions of fullerenes. 18, 32 The intershell separation obtained here is about 0.3 Å larger than the interlayer distance between bilayer graphene (3.36 Å). Although the vibrational frequency analysis (to be published elsewhere) indicates that the C 60 @C 240 has a minimum at the icosahedral symmetry, the inner C 60 fullerene is probably rotating inside the C 240 cage. We have not examined this aspect in detail, but calculations in the reduced C 5 symmetry show that the isomers of C 60 @C 240 onion obtained by rotation of the inner C 60 cage by 2π/5 about the C 5 axis are energetically nearly degenerate.
The calculated polarizability of the C 60 @C 240 onion (using the PBE exchange-correlation functional) is 449 Å 3 . Using the same methodology, we obtain the polarizability of the C 240 fullerene to be 441 Å 3 . This value is comparable to 430 Å 3 obtained by Calaminici and coworkers using the local spin density approximation and double-zeta valence polarization basis set. [33] [34] [35] The C 60 @C 240 onion was previously studied by one of the authors and it was inferred from the nearly identical values of the C 240 and C 60 @C 240 polarizability that the C 240 fullerene almost completely shields the inner C 60 from the applied electric field. The present site specific polarizability provides additional insights into this behavior as it enables us to separately compute the polarizability of the C 60 and C 240 fullerene shells in the C 60 @C 240 onion. By summing the contributions of carbon atoms from the respective C 60 and C 240 shells, we obtain C 60 and C 240 polarizabilities of 20 Å 3 and 429 Å 3 , respectively. The polarizability of C 60 inside the C 240 cage is substantially smaller than that of the isolated C 60 (82 Å 3 ) calculated with the same set of approximations. The screening of the electric field by the C 240 fullerene shell reduces the C 60 polarizability by 75%. Fig. 2 shows the isosurface of the charge density difference calculated with and without an electric field along z axis for the C 60 @C 240 onion. It is clear from the figure that the density redistribution occurs almost entirely   FIG. 2 . The isosurface of electron density change in C 60 @C 240 onion due to an applied electric field. The outer C 240 fullerene shell is not shown to highlight the insignificant changes in the electron distribution inside the onion. outside the surface of the onion. The polarizability of the outer shell also decreases slightly by 2%. Since the geometry of the C 240 fullerene shell in the C 60 @C 240 onion is practically identical to that of C 240 fullerene shell, the slight reduction in the polarizability of the C 240 shell is likely due to the interaction between the two fullerene shells. To get a qualitative picture of this interaction, we used a Voronoi decomposition to determine the charges on each fullerene shell. This analysis indicates a charge transfer of 0.062 e from the outer C 240 shell to the C 60 fullerene.
To further investigate the effect of intershell distance on the polarizability of C 60 in the carbon onion, we also computed the polarizability of C 60 @C 180 fullerene. Unlike the case of the larger onion, we found significant changes in the geometry of C 60 @C 180 compared to the respective isolated shells. The C 180 fullerene shell expands by 1.6% compared to the isolated shell, while C 60 contracts by 4.1%. These structural differences impact the polarizability of C 60 @C 180 onion and its C 60 and C 180 subshells. The polarizability of the C 60 @C 180 onion is 332 Å 3 . By summing the site specific polarizability contributions of the atoms of the C 180 shell, we obtain the polarizability of the atoms in the outer shell of the onion to be 318 Å 3 . The polarizability of the isolated C 180 is 295 Å 3 using the same methodology. Thus, the polarizability of the C 180 fullerene increases by about 8% in the C 60 @C 180 onion. This behavior is different compared to the C 60 @C 240 fullerene wherein the polarizability of the outer C 240 decreases slightly (2%). The differences occur due to structural changes in the two onions. The C 240 is sufficiently large to accommodate the C 60 fullerenes inside its cavity with minimal impact on the structure and bonding. By contrast, the smaller volume of the C 180 fullerene leads to a significant expansion of the outer fullerene cage and compression of the inner C 60 fullerene. Using the Voronoi scheme to determine atomic charges, we find a significant (0.8 e) electron transfer from the outer C 180 fullerene shell to the inner C 60 fullerene. The average intershell separation distance in the C 60 @C 180 onion is 2.83 Å, much smaller than in C 60 @C 240 (3.73 Å). The shortest intershell separations in the C 60 @C 180 and C 60 @C 240 onions are 2.76 and 3.39 Å, respectively. Due to the compression of the C 60 shell in the C 60 @C 180 onion, the polarizability of the C 60 decreases to 14 Å 3 . This value is 83% smaller than the polarizability of isolated C 60 fullerene.
The values of the site specific polarizabilities in the onions and fullerene shells depend on their distances from the center.
In C 60 fullerenes, all atoms are equivalent due to icosahedral symmetry, that is, there is only one inequivalent atom and position of remaining 59 atoms can be obtained using point group operations of the icosahedral point group. Consequently, all atoms are at same distance from the center and all have same value of site specific polarizability. On the other hand, the icosahedral C 240 fullerene has three inequivalent atoms. These atoms generate the C 240 fullerene when icosahedral symmetry group operations are applied. The atoms generated by the three inequivalent atoms are at different radii. The 60 atoms forming the pentagons are the outermost atoms with radii of 7.34 Å. The other two inequivalent atoms form the two subshells with radii of 7.1 and 6.94, respectively. As the atoms that are part of pentagons are farthest from the center, they will have larger values of site-specific polarizability. This indeed has been observed as can be seen from Fig. 3 which illustrates the local polarizability of carbon atoms in the C 60 @C 240 carbon onion. The local polarizabilities of the carbon atoms that are part of pentagons have largest values (17.3-17.4 Å 3 , shown in red). This is followed by the carbon atoms (on the subshell with radius 7.1 Å) which are connected to the pentagonal rings (11.1 Å 3 , shown in pink). The carbon atoms which exclusively belong to the hexagonal rings have much smaller values (9.96-9.99 Å 3 , shown in green). The carbon atoms that are part of encapsulated C 60 have substantially smaller values (2.2 Å 3 , shown in gray). Similar trends have been observed in case of the bare fullerene cages.
IV. CONCLUSIONS
To summarize, the site specific atomic polarizabilities are obtained for the Sc 3 180 and C 60 @C 240 onions by partitioning the induced dipole moments using the Voronoi scheme as implemented in the NRLMOL code. The analysis of site specific polarizabilities shows that the polarizability of the encapsulated Sc 3 N cluster is vanishingly small. The polarizabilities of the fullerene shells in the endohedral fullerenes, on the other hand, are smaller than their values in isolation. These differences are attributed to charge transfer from the encapsulated units to the fullerene shells. Our results also show that the polarizability of the C 60 fullerene shell is reduced by 75% and 83% in the C 60 @C 240 and C 60 @C 180 onions, respectively, compared to its polarizability in isolation. This variation in the decrease of the C 60 polarizability is due to the differences in inter-shell separations and charge transfer from the outer shells to the core C 60 fullerene.
